A bacteriophage, designated 4C69, isolated from a culture of Saccharopolysporu erythraea was characterized. The phage propagates on Sac. erythraea NRRL2338 but does not infect 10 Streptomyces or 3 Micromonospora species tested. It infects Sac. erythraea NRRL 2359 but does not produce infectious phage particles in this host. 4C69 is approximately 40 kb in length and contains cohesive ends. A cos fragment containing ligated phage DNA ends was cloned in Escherichia coli. Restriction maps of the phage DNA and the cos fragment for several enzymes are shown. Transfection of both Sac. erythraea and Streptomyces lividans with 4C69 resulted in approximately equal titres of infectious phage particles produced from approximately the same number of regenerating cells. Transfection of Sac. erythraea with DNA from Streptomyces phages SHlO and KC404 also resulted in the production of infectious phage particles. The basis for differences among hosts in susceptibility to infection by various actinophages is discussed.
INTRODUCTION
Because of the clinical importance of the macrolide antibiotic erythromycin, interest has arisen in developing vectors useful for DNA cloning in the actinomycete Saccharopolyspora erythraea (formerly Streptomyces erythraeus), the producing organism. Plasmid vectors currently in use for cloning in Streptomyces do not appear to replicate stably in Sac. erythraea, however (Yamamoto et al., 1986: J. Tuan & L. Katz, unpublished observations) . In addition, use of bacteriophage vectors has been limited by the fact that the phages which can propagate on Streptomyces strains do not appear to infect Sac. erythraea (Grund & Hutchinson, 1987; L. Katz, unpublished results) , and Sac. erythraea-specific phages have also been found to be unable to infect Streptomyces (Donadio et al., 1986; Labeda, 1987; Grund & Hutchinson, 1987) . Sac. erythraea-specific phages remain prime candidates for the development of DNA cloning vectors for this host. Labeda (1987) recently demonstrated a difference in chemical composition of the cell walls between Sac. erythraea and several Streptomyces species and suggested that actinophage specificity was related to the ability of an actinophage to interact with a given cell wall type. Labeda employed a Sac. erythraea-specific phage, 4C69, that had not been previously described. In this paper we present a characterization of this phage. We also provide evidence to support Labeda's suggestion by demonstrating that 4C69 can be propagated in Streptomyces lividans and that two Streptomyces phages can be propagated in Sac. erythraea once the cell wall barriers to phage penetration have been circumvented. Bacteria, plasmids and bacteriophages. Sac. erythraea NRRL 2338 and NRRL 2359, two independent soil isolates, were from the Abbott Laboratories collection. Str. lividans 66 was from D. A. Hopwood (John Innes Institute, Norwich, UK). Phage 4C69 was originally isolated at Abbott Laboratories, North Chicago, Illinois, from a fermenter containing a culture of Sac. erythraea ; it was maintained as a lyophilized preparation. Phages SHlO (Klaus et al., 1981) and KC404, a clear-plaque mutant of 4C31 (Harris et al., 1983) , were generously provided by S. Klaus and K. Chater, respectively. Plasmid pUC9 (Vieira & Messing, 1982) was obtained from BRL.
Media, cell culture, protoplast formation, phage propagation and titration, and preparation of phage DNA. R3M medium contained (w/v): agar, 2.0%; Bacto tryptone, 0.4%; Bacto yeast extract, 0.4%; Casamino acids; 0.4%; Tris/HCl, 0.025 M, pH 7.2; KH2P04, 0.05%; MgCl,, 0.05 M; CaCl,, 0-05 M; K2S04, 0.025%; NaOH, 0.0025 M; D-glucose, 1%; sucrose, 10.3%; trace elements as described by Hopwood et al. (1985) . PT medium is P medium (Hopwood et al., 1985) lacking KH2P04. Media and procedures for the plating of the phages used here have been described previously (Dowding, 1973) . Lysates were prepared using the soft agar plate method, clarified by low-speed centrifugation, filtered and titrated as described previously (Dowding, 1973) . For preparation of protoplasts, Sac. erythraea cells were grown in SGGP medium (Yamamoto et al., 1986) for 4-6d prior to harvesting; Str. lividans cells were grown in YEME medium (Hopwood et al., 1985) . Protoplasts were prepared as described by Hopwood et al. (1985) . Phage DNA was prepared from large stocks of CsC1-purified phage as described by Hopwood et al. (1985) .
Transfectionprocedures. A suspension of approximately 2 x lo8 protoplasts was placed in a microfuge tube and centrifuged at high speed for 5 s. The supernatant was removed and the protoplast pellet resuspended in the remaining liquid, to which DNA (0.0545 pg in not more than 10 111) was added. Then 0.5 ml 20% PEG-3350 (J. T. Baker, Philipsburg, NJ, USA) was added and the suspension mixed gently and allowed to stand for 1 min. Dilutions were plated in duplicate onto R3M medium, employing R3M soft agar overlays. All incubations were performed at 30 "C. For the determination of the number of infective centres, one set of plates was overlaid at times indicated with a suspension of spores of Str. lividans or Sac. erythraea NRRL 2338 in soft agar phage medium, the plates were reincubated, and plaques that appeared subsequently were counted. For the determination of phage titres, phage was recovered from the top layer of the second set of regeneration plates after 2 h incubation for homologous transfection and after 24 h incubation for heterologous transfection and titrated as described previously (Dowding, 1973) .
Southern hybridizations. These were done employing Durapore membranes (Millipore) according to the method of Southern (1975) , using 32P-labelled probes prepared by nick-translation as described by Rigby et al. (1977) .
Electron microscopy. Droplets containing concentrated preparations of 4C69 were purified by CsCl densitygradient centrifugation (Hopwood et al., 1985) and negatively stained with uranyl acetate before examination in a Philips 300 electron microscope.
RESULTS A N D DISCUSSION

Characterization of phage 4C69
An electron micrograph of a negatively stained preparation of 4C69 is shown in Fig. 1 . The phage is composed of a polyhedral head, hexagonal in shape, 52nm in diameter, and a protruding, flexible tail 180 nm in length and 9 nm in diameter. This phage resembles typical actinophages including the eight other Sac. erythraea-specific phages previously described (Donadio et al., 1986; Brzezinski et al., 1986; Grund & Hutchinson, 1987) and can be placed into morphology group B as designated by Bradley (1967) . 4C69 forms large clear plaques with distinct edges on Sac. erythraea NRRL2338 (Fig. 2a) but does not form plaques on Sac. erythraea NRRL 2359. In addition, the phage does not form plaques on any of 10 Streptomyces or 3 Micromonospora species tested.
Although 4C69 does not produce plaques on Sac. erythraea NRRL 2359, this host can be lysed by the phage. Cleared spots or individual plaques were found where as few as lo3 4C69 p.f.u. were deposited in a single drop on spores of Sac. erythraea NRRL2338 (Fig. 2b) . In contrast, cleared spots were observed only where lo7 p.f.u. or more were dropped on spores of Sac. erythraea NRRL 2359 in a similar manner (Fig. 2c) , but no infectious phage particles were recovered from the cleared spots of this strain. Since the phage particles employed in these experiments were pelleted by centrifugation, washed, and repelleted prior to use, it is not likely that the clearing of strain NRRL 2359 is due to the presence of bacteriocins or other antibiotics in the preparation. These findings indicate that Sac. erythraea NRRL 2359 is sensitive to 4C69 adsorption (and, possibly, infection) but cannot produce infectious phage particles. Since approximately 100-1000 phage particles per cell were required to yield the cleared zone, the killing of strain NRRL 2359 appears to resemble the phenomenon termed 'lysis from without' that was described for the non-productive kiiling of Escherichia coli by phage T4 that takes place when phage is mixed with cells at high multiplicities of infection (Doermann, 1953) . The basis for the inability of Sac. erythraea NRRL2359 to produce infectious 4C69 particles under normal conditions is not yet understood.
L . K A T Z A N D O T H E R S
To determine whether 4C69 could lysogenize Sac. erythraea NRRL 2338 or NRRL 2359, survivors after infection at multiplicities ranging from 5 to 100 were examined for ability to release infectious phage particles. No indication of phage release was ever observed. In addition, none of the genomic DNA preparations from many survivors of 4C69 infection of either Sac. erythraea strain exhibited hybridization to 4C69 DNA probes in colony hybridizations, dot blots or Southern hybridizations. There is no evidence to suggest, therefore, that 4C69 is a temperate actinophage or that the inability of Sac. erythraea NRRL 2359 to propagate 4C69 is due to the presence of a 4C69 prophage.
A partial restriction map and a summary of restriction enzyme sites present in 4C69 DNA are shown in Fig. 3 (map A) . The phage DNA is approximately 40 kb in length. By comparison to restriction cleavage data presented previously (Donadio et al., 1986; Brzezinski et al., 1986; Grund & Hutchinson, 1987) , it can be concluded that 4C69 carries a substantially different genome from each of the other eight Sac. erythraea-specific phages previously described.
Cohesive ends in 4C69 DNA Differences in the banding profiles in agarose gels were observed between unheated and heated samples of some, but not all, 4C69 DNA preparations after digestion with a number of restriction endonucleases, suggesting the presence of cohesive ends (data not shown). Additional evidence for cohesive ends is illustrated as follows. After ligation of a mixture of HindIIIdigested fragments of 4C69 DNA to plasmid pUC9 and subsequent introduction into E. coli, a number of clones examined were found to contain a plasmid that carried an 8.2 kb insert. In Southern blots, the insert was observed to hybridize to two HindIII-, two BglII-and three EcoRIgenerated fragments of 4C69 DNA (Fig. 4 4 track 2; Fig. 4b, tracks 2 and 3) . The plasmid obtained from one of the clones was designated pAL2809. A detailed restriction map of the 8.2 kb HindIII insert is shown in Fig. 3 (map B) . The presence of an EcoRI site within this sequence accounts for the additional band observed in the Southern blot (Fig. 4 b, track 3) . From the position labelled cos to the right end HindIII site, restriction map B corresponds to the restriction map of the left end of the phage genome (map A). Similarly, the left end of the insert (map B), from cos to the HindIII site, corresponds to the right end of the phage restriction map. These data indicate that the 8.2 kb HindIII fragment of pAL2809 contains the left and right ends of the phage genome and that ligation of the fragments had taken place in vitro. Since the conditions employed would not have permitted the joining of blunt ends, the finding of the 8.2 kb fragment in several clones indicates that the phage ends are complementary. The region of plasmid pAL2809 that contains the ligated phage DNA ends is designated cos.
Knowledge that 4C69 DNA contains cohesive ends suggests a phage A-like mechanism for 4C69 DNA packaging. This differs from the headful packaging mechanism recently described for the Sac. erythraea phage 4SE6 (Grund & Hutchinson, 1987) . Cohesive ends of temperate phages permit recircularization of the phage genome prior to lysogenization of hosts. Examples of actinophages which carry cohesive ends and which can establish a lysogenic state include 4C31 (Chater et al., 1981) , R4 (Morino et al., 1983) , TG1 (Foor et al., 1985) and VWB (Anne et al., 1985) . The finding that 4C69 carries cohesive ends but does not appear to lysogenize its host has caused us to wonder whether it is a virulent derivative of a yet to be discovered temperate parent.
Transfection of protoplasts Since the frequency of transfection is determined from plaque counts of infected centres, it was necessary to determine the minimum regeneration time required prior to overlay with a lawn of spores so that the plaques subsequently observed would not have come from regenerating cells infected with phage produced from early bursts of transfected protoplasts. Protoplasts of Sac. erythraea NRRL 2338 were transfected with 4C69 DNA as described in Methods, then equal volumes were mixed with semi-solid regeneration medium and spread on a number of regeneration plates. Duplicate sets of plates were overlaid with Sac. erythraea spores at hourly intervals and reincubated to await the appearance of plaques. Several plates were not overlaid with spores. After a few days, approximately 150-250 plaques were visible on these plates amid the regenerated cells. On the plates overlayed at 0 or 1 h, no plaques were seen. On the plates overlayed at 2, 3, 4, 5 or 6 h, approximately 150-250 plaques were observed. In subsequent experiments, transfection plates were overlaid after 2 h incubation.
Results of transfection experiments are summarized in Table 1 . Transfection of both Sac. erythraea NRRL 2338 (but not NRRL 2359) and Str. Zividans protoplasts with DNA of phages 4C69, SHlO or KC404 produced significant bursts of infectious phage particles. In duplicate platings or replicate experiments, the number of plaques observed in the transfection assay varied by as much as 40%. The frequencies of transfection of either host with each of the three phage DNA preparations employed could not be determined with precision, therefore, but they appear to be of the same order of magnitude as the frequencies determined previously for transfection of Sac. erythraea protoplasts with 4SE6 DNA (Grund & Hutchinson, 1987) or G3 DNA (Donadio et al., 1986) . The total number of p.f.u. produced from each transfection is also shown in Table 1 . Since these values varied by 25-40% on duplicate plates or in replicate experiments, the burst size from transfected protoplasts could also not be determined with accuracy. Nevertheless, the results presented in Table 1 clearly indicate that Sac. erythraea NRRL 2338 protoplasts yield active phage when transfected with 4C69, KC404 or SHlO DNA. These observations indicate that normal development of KC404 and SHlO can take place in Sac. erythraea once the phage DNA has penetrated into the cytoplasm of the host and suggest that the failure of heterologous phages to produce plaques on Sac. erythraea and other members of this genus (Labeda, 1987 ) is most likely due to the inability of the phage either to adsorb to the cell surface or to inject its DNA into the cytoplasm of the host. Similarly, the results indicate that Str. lividans can propagate 4C69 phage once the phage DNA is present in the cytoplasm and also suggest a cell wall or cell membrane barrier by Str. Iividans (and other streptomycetes) to 4C69 adsorption or penetration.
The observation that phage KC404 DNA can transfect Sac. erythraea gives rise to the possibility that this phage genome can be developed for DNA cloning in this host. Derivatives of 4C31 have been used for gene cloning in Str. coelicolor Sen0 et al., 1983) . If Sac. erythraea can be lysogenized by KC404 DNA after insertion of chromosomal fragments into the phage genome through homologous recombination, it should be possible to disrupt, identify and ultimately clone genes of interest in this host as well. Donadio et al. (1986) recently demonstrated that mutants of Sac. erythraea that became resistant to the phage G3 could still propagate and release infectious phage particles after protoplast transfection with G3 DNA. This result has provided strong evidence for the presence of a phage receptor protein at the cell surface. If the inability of 4C69 to penetrate the cell surface of Streptomyces is due to the absence of a specific phage receptor, it might be possible to render Str. lividans sensitive to the phage by molecular cloning of the gene encoding the receptor from Sac. erythraea. Similarly, Sac. erythraea could be made sensitive to 4C31 or other Streptomyces phages by introduction of the necessary receptor genes into this host. On the other hand, it is possible that differences in cell wall composition between Saccharopolyspora and Streptomyces (Kuznetsov et al., 1977; Labeda, 1987) are too great to permit the correct interaction of a phage receptor protein with the cell wall of a heterologous host.
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